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SPECIFICATION 



ELECTRICAL DEIONIZATION APPARATUS 

TECHNICAL FIELD 
The present invention relates to an improvement of a 
so-called electrical deionization apparatus, and provides 
an electrical deionization apparatus having a performance 
greatly exceeding that of a conventional electrical 
deionization apparatus . 

BACKGROUND ART 
An electrical deionization apparatus is an apparatus 
in which concentration compartments and deionization 
compartments are formed by arranging cation exchange 
membranes and anion exchange membranes between electrodes, 
i.e. a cathode and an anode, and taking a potential 
gradient as a driving source, ions in water to be treated 
in the deionization compartments are made to migrate, and 
hence be separated out, through the ion exchange membranes 
into the concentration compartments, thus removing ionic 
components . 

FIG. 1 shows a conceptual drawing of a typical 
conventional electrical deionization apparatus. With the 
electrical deionization apparatus shown in FIG. 1, anion 
exchange membranes A and cation exchange membranes C are 
arranged alternately between a cathode (-) and an anode (+), 
thus forming deionization compartments and concentration 



compartments. By further repeating the alternate 
arrangement of anion exchange membranes and cation exchange 
membranes, a plurality of deionization compartments and 
concentration compartments are formed alternately. If 
5 necessary, ion exchangers are packed into the deionization 
compartments and the concentration compartments to promote 
migration of ions through the compartments. Moreover, the 
compartments contacting the anode and the cathode at either 
end are generally referred to as the anode compartment and 
10 the cathode compartment, and fulfil a function of giving 
and receiving electrons of a current applied as a direct 
current . 

During operation of such an electrical deionization 
apparatus, a voltage is applied between the anode and the 

15 cathode, and water is passed into the deionization 

compartments, the concentration compartments and the 
electrode compartments. Water to be treated having therein 
the ions to be subjected to treatment is fed into the 
deionization compartments, and water of a suitable water 

2 0 quality is passed into the concentration compartments and 

the electrode compartments. In FIG. 1, an example is shown 
in which RO treated water is fed into all of the 
deionization compartments, the concentration compartments 
and the electrode compartments. When water is passed into 

2 5 the deionization compartments and the concentration 

compartments in this way, in each of the deionization 
compartments the cations and anions in the water to be 
treated are attracted to the cathode side and the anode 



side respectively; because only anions permeate selectively 
through the anion exchange membranes and only cations 
permeate selectively through the cation exchange membranes, 
cations (Ca 2+ , Na + , Mg 2+ , H + etc.) in the water to be treated 
5 pass through a cation exchange membrane C and migrate into 
a concentration compartment on the cathode side, and anions 

(CI", S0 4 2 ", HSi0 3 2 ", HC0 3 ~, OH" etc.) pass through an anion 
exchange membrane A and migrate into a concentration 
compartment on the anode side. On the other hand, 

10 migration of anions from the concentration compartment on 
the cathode side into the deionization compartment and 
migration of cations from the concentration compartment on 
the anode side into the deionization compartment are 
blocked due to each of the ion exchange membranes having a 

15 property of blocking ions of the opposite sign. As a 

result, deionized water having a reduced ion concentration 
is obtained from the deionization compartments, and 
concentrated water having an increased ion concentration is 
obtained from the concentration compartment . 

2 0 According to such an electrical deionization 

apparatus, upon using water containing few impurities on a 
level of, for example, RO (reverse osmosis membrane) 
treated water as the water to be treated, pure water of yet 
higher purity is obtained as the deionized water. Recently, 

2 5 there has come to be a demand for ultrapure water of yet 
higher purity, for example ultrapure water for 
semiconductor manufacture. With recent electrical 
deionization apparatuses , a method is thus known in which 



cation exchange resin beads and anion exchange resin beads 
are mixed together and packed as an ion exchanger into the 
deionization compartments and/or the concentration 
compartments and/or the electrode compartments so as to 
5 promote migration of ions in these compartments. 

Furthermore, there has also been proposed a method in which 
as an ion exchanger, a cation exchange fibrous material 
(nonwoven fabric etc.) on the cation exchange membrane side 
and an anion exchange fibrous material on the anion 

10 exchange membrane side are disposed facing one another in a 
deionization compartment, and a spacer or an ion-conducting 
spacer that has been made ion-conductive is packed between 
these ion exchange fibrous materials (see, for example, 
JP-A-H5-64726, and WO 99/48820). 

15 When water to be treated is passed through a 

deionization compartment having an ion exchanger packed 
therein as described above, ion exchange groups in the ion 
exchanger and the salt to be removed in the water to be 
treated undergo an ion exchange reaction, whereby the salt 

2 0 is removed. For example, in the case of using NaCl as the 
salt to be removed, sulfonic acid groups as cation exchange 
groups and a quaternary ammonium salt as anion exchange 
groups, the following description applies. 

When the water to be treated having the salt to be 

2 5 removed (NaCl) dissolved therein contacts the cation 

exchanger, the cations (Na + ) in the water to be treated are 
subjected to ion exchange by the cation exchange groups, 
and are adsorbed onto the solid phase (cation exchanger) 



and thus removed (equation 1). 

NaCl + R-S0 3 ~H + ^ HC1 + R-S0 3 "Na + (1) 

After contacting the cation exchanger so that the 
cations have been removed to some extent, the water to be 
5 treated next contacts the anion exchanger. At this time, 
the acid (HC1) that has been produced through the ion 
exchange reaction (equation 1) due to the cation exchange 
groups is completely neutralized as shown in equation 2 . 
HC1 + R-N + (CH 3 ) 3 OH- H 2 0 + R-N + ( CH 3 ) 3 C1" (2) 

10 On the other hand, salt to be removed in the water to 

be treated that has not reacted with the cation exchanger 
contacts the anion exchanger, and the anions (Cl~) are 
subjected to ion exchange by the anion exchange groups as 
shown in equation 3, and are adsorbed onto the solid phase 

15 (anion exchanger) and thus removed. 

NaCl + R-N + (CH 3 ) 3 OH~ ^ NaOH + R-N + (CH 3 ) 3 C1" (3) 

Next, the water to be treated contacts the cation 
exchanger, and the alkali (NaOH) that has been produced 
through the ion exchange reaction due to the anion exchange 

2 0 groups (equation 3) is neutralized as shown in equation 4. 
NaOH + R-S0 3 "H + H 2 0 + R-S0 3 ~Na + (4) 

Equations 1 and 3 above are equilibrium reactions, 
and hence the salt to be removed contained in the water to 
be treated is not completely removed by ion exchange upon 

2 5 contacting the anion exchanger and the cation exchanger 

once, but rather remains in the water to be treated to some 
extent. To remove the ions efficiently, it is thus 
necessary to carry out the reactions of equations 1 to 4 



repeatedly, and hence it is important to make the water to 
be treated contact the cation exchanger and the anion 
exchanger alternately as many times as possible so as to 
make the salt to be removed migrate into the solid phase 
5 through the reactions of equations 1 to 4 . 

For the ions to be removed in the water to be treated 
to undergo ion exchange and neutralization reactions as 
described above, a two- stage process of the ions to be 
removed migrating into the vicinity of a functional group 

10 and then being subjected to the ion exchange reaction is 
required. In an electrical deionization apparatus, the 
water to be treated is fed continuously into each 
deionization compartment, and thus must undergo the ion 
exchange and neutralization reactions during the short time 

15 of passing through the deionization compartment; it is thus 
desirable for the ions to be removed in the water to be 
treated to diffuse into the vicinity of a functional group 
of an ion exchanger in a short time, and for the frequency 
of contact between the functional groups and ions to be 

2 0 kept high. 

Moreover, in an electrical deionization apparatus, 
the ions to be removed that have been adsorbed onto the 
solid phase (ion exchangers) through the ion exchange and 
neutralization reactions of equations 1 to 4 above must be 

2 5 made to migrate from a deionization compartment into a 

concentration compartment or electrode compartment through 
electrical driving. Moreover, at this time, it is 
desirable for the ions to be removed that have been 



adsorbed onto the ion exchangers to migrate up to an ion 
exchange membrane between the deionization compartment and 
a concentration compartment continuing over the solid phase 
(ion exchanger) without desorbing out into the liquid phase. 
5 That is, in the deionization compartment, it is desirable 
for the cation exchanger contacting the cation exchange 
membrane and the anion exchanger contacting the anion 
exchange membrane to each be packed in so as to form a 
continuous phase between the cation exchange membrane and 

10 the anion exchange membrane. 

Furthermore, in an electrical deionization apparatus 
in which ion exchangers are packed into compartments as 
described above, in each of the deionization compartments 
and/or concentration compartments having the ion exchangers 

15 packed therein, there exist sites where the cation exchange 
groups and anion exchange groups contact one another. At a 
site where a cation exchange group and an anion exchange 
group contact one another in a deionization compartment in 
particular, dissociation of water (equation 5) will occur 

2 0 under the steep potential gradient 
H 2 0 H + + OH" ( 5 ) 

and the ion exchangers will be regenerated in the 
deionization compartment through the H + ions and OH" ions 
produced through this dissociation of water (water 
25 splitting), whereby pure water of high purity can be 

obtained. For efficient deionization, it is thus desirable 
to make it such that there are many sites where the water 
splitting occurs, i.e. many contact sites between the anion 



exchanger and the cation exchanger. Furthermore, the H* 
ions and OH" ions produced through the dissociation of 
water continue through ion exchange groups of adjacent 
cation and anion exchangers one after another, bringing 
5 about regeneration. With this set-up, upon continuing the 
electrical driving, there will come to be a local lack of 
counter- ions to the functional groups at the contact sites 
between the cation exchanger and the anion exchanger, and 
water will dissociate in the vicinity of the functional 

10 groups so as to make up for the lacking counter-ions, 

whereby H + ions and OH" ions can be continuously supplied to 
the cation exchange groups and the anion exchange groups. 
Moreover, it is thought that not only with water but also 
with a non-electrolyte such as an alcohol, polarization and 

15 dissociation will occur under a strong electric field to 
form anions and cations which will be adsorbed onto the 
functional groups, enabling removal. It is thus desirable 
for the contact sites between the anion exchanger and the 
cation exchanger (the sites where water splitting occurs) 

2 0 to be numerous and to be dispersed throughout the whole of 
each deionization compartment in particular, and 
furthermore it is desirable for the anion exchanger and the 
cation exchanger to each be disposed so as to form a 
continuous phase from the contact sites. 

2 5 Furthermore, in recent years there has been a demand 

for pure water of yet higher purity, it being desired for 
the concentration of TOC (total organic carbon) components 
contained in treated water to be low. As TOC components 



contained in treated water obtained through electrical 
deionization treatment, there are those of internal origin, 
i.e. those originating from components leaching out from 
the ion exchangers packed into the deionization apparatus, 
5 and those of external origin, i.e. those originating from 
TOC contained in the water to be treated. Of these, many 
of the TOC components leaching out from the ion exchangers 
are unreacted monomers or uncrosslinked polymer 
electrolytes that became attached to an ion exchanger 

10 during synthesis of the ion exchanger. These gradually 
leach out into the liquid phase upon washing by passing 
water through, and it is desirable to make the ion 
exchangers have a structure such that this washing can be 
carried out in as short a time as possible. Moreover, it 

15 is desirable to eliminate a crosslinking reaction from the 
ion exchanger synthesis process so that contamination of 
the ion exchangers with uncrosslinked polymer electrolytes 
can be prevented. Regarding TOC components contained in 
the water to be treated, on the other hand, these can be 

2 0 removed by being ionized under the strong potential 

gradient between cation and anion exchange groups as with 
the water dissociation reaction. It is thus desirable for 
it to be possible to pass water to be treated containing 
TOC components uniformly past the contact sites between the 

2 5 cation exchanger and the anion exchanger. 

Moreover, it is further desirable for the treated 
water (pure water) obtained to have a low concentration of 
weak electrolytes such as silica and carbonate. Again, 



ionization of such weak electrolytes under the strong 
potential gradient between cation and anion exchange groups 
as with the water dissociation reaction is effective. In 
this case, it is thus again desirable for it to be possible 
5 to pass water to be treated containing weak electrolytes 
uniformly past the contact sites between the cation 
exchanger and the anion exchanger. 

The functions demanded of an electrical deionization 
apparatus have been listed above; however, with electrical 

10 deionization apparatuses having a conventional constitution, 
it has not been possible to obtain an apparatus that 
satisfies all of these demands. 

For example, with many conventional electrical 
deionization apparatuses , anion exchange resin beads and 

15 cation exchange resin beads have been packed mixed together 
in a deionization compartment. In this case, the state of 
packing of the resins is random, and moreover the flow of 
water through the compartment is also random, and hence 
looking microscopically, regarding the contact between the 

2 0 water to be treated and the ion exchangers, it has not 
necessarily been the case that the water to be treated 
contacts the anion exchanger and the cation exchanger 
alternately. Moreover, regarding the particle diameter of 
the ion exchange resin beads packed in, in general it is 

2 5 normal to use beads having a particle diameter of 

approximately 500 \xm so as to keep the pressure loss down, 
but most of the functional groups of such ion exchange 
resin beads are present in macropores and micropores inside 
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the beads, and hence it is difficult for ions to be removed 
to diffuse up to the vicinity of a functional group, and 
hence the frequency of contact between the ions to be 
removed and the functional groups is not very high. 
5 Moreover, because the cation exchanger and the anion 

exchanger are packed in randomly, it is difficult for each 
of the cation exchanger and the anion exchanger to form a 
continuous phase, and hence it is difficult for the ions to 
be removed to migrate continuously through the solid phase 

10 from the deionization compartment into a concentration 
compartment, and moreover the TOC component removal 
performance and the weak electrolyte removal performance 
are poor. Furthermore, there has been a problem that there 
is much leaching out of TOC components from the ion 

15 exchange resin beads, and in particular it is difficult to 
completely remove TOC components leaching out from the 
inside of macropores and micropores even if the resin beads 
are washed by passing water through for a long time. 

Moreover, among conventional electrical deionization 

2 0 apparatuses, ones in which ion exchange resin beads are 

packed in layers have also been proposed. As conventional 
electrical deionization apparatuses of this form, there are 
ones in which anion exchange resin beads and cation 
exchange resin beads are packed in a deionization 

2 5 compartment alternately with a plastic mesh screen or the 
like interposed therebetween as required, ones in which a 
deionization compartment is partitioned with partitions and 
anion exchange resin bead-only beds and cation exchange 
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resin bead-only beds are formed alternately in the 
compartments produced through the partitioning, ones in 
which blocks are formed by binding ion exchange resin beads 
together with a binder and anion exchange resin bead blocks 
and cation exchange resin bead blocks are packed in 
alternately, and so on. However, packing anion exchange 
resin beads and cation exchange resin beads into a 
deionization compartment in orderly fashion while forming 
alternate layers is very difficult. Moreover, in the case 
that a mesh screen or the like is interposed between layers, 
or the deionization compartment is partitioned with 
partitions and layers are formed alternately, the contact 
sites between the anion and cation exchange groups (the 
sites where water splitting occurs) are limited to the 
planes of contact between the ion exchange membranes and 
the ion exchangers packed into the compartment, and hence 
it is not possible to form a large number of sites where 
water splitting occurs in the deionization compartment. 
Moreover, in the case that the deionization compartment is 
partitioned with partitions, the number of resin layers 
that can be formed is limited to from a few to a few tens 
from the standpoint of the ease of assembling the 
compartment and the overall size of the apparatus. 
Moreover, if ion exchange resin beads are used, then as 
described above, the frequency of contact between the ions 
to be removed and the ion exchange groups is not very high. 
Furthermore, in the case of binding ion exchange resin 
beads together with a binder, the flow path of the water is 
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restricted by the binder, and hence the frequency of 
contact between the ions to be removed and the ion exchange 
groups drops markedly. Moreover, because ion exchange 
resin beads are used, as described above, the amount of TOC 
5 leaching out is high, and in particular in the case of 

using a binder, the binder itself becomes a component that 
leaches out, and hence the TOC concentration in the treated 
water becomes yet higher. Furthermore, as described above, 
the contact sites between the anion and cation exchange 

10 groups are limited to the planes of contact between the ion 
exchange membranes and the ion exchangers packed into the 
compartment, and most of the water to be treated does not 
flow through here, and hence ionization of TOC components 
and weak electrolytes is difficult, and thus the removal 

15 performance thereof is poor. 

To resolve the various problems associated with using 
ion exchange resin beads described above, using an ion 
exchange fibrous material obtained by introducing ion 
exchange groups onto a fibrous material such as a woven 

2 0 fabric or a nonwoveh fabric by radiation- induced graft 
polymerization or the like as a material packed into a 
deionization compartment has been proposed (e.g. previously 
mentioned JP-A-H5-64726 ) . Such an ion exchange fibrous 
material has a greater specific surface area than ion 

2 5 exchange resin beads, and it is not the case that the ion 
exchange groups are present in micropores or macropores 
inside beads as with ion exchange resin beads, and hence a 
very large number of ion exchange groups can be disposed on 
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the fiber surfaces. The ions to be removed in the water to 
be treated are thus readily transported by the flow (by 
convection) to the vicinity of the ion exchange groups. If 
an ion exchange fibrous material is used, then compared 
5 with the case of using ion exchange resin beads, the 

frequency of contact between the ions to be removed and the 
ion exchange groups can thus be increased markedly. 

However, a fibrous material such as woven fabric or a 
nonwoven fabric does not generally have a very high water 

10 permeability, and hence it has been thought that if a 
fibrous material is packed into a conventional thin 
deionization cell, then the pressure loss will be too high, 
and hence it will not be possible to obtain a sufficient 
treatment flow rate. 

15 An electrical deionization apparatus has thus been 

proposed in which a cation exchange fibrous material such 
as a nonwoven fabric on the cation exchange membrane side 
and an anion exchange fibrous material on the anion 
exchange membrane side are disposed facing one another in a 

2 0 deionization compartment, and for an example an oblique 

net-shaped spacer, or an ion-conducting spacer obtained by 
making such a spacer ion- conductive , is packed between 
these ion exchange fibrous materials (e.g. the previously 
mentioned WO99/48820). In the case of an apparatus having 

2 5 such a constitution, the water to be treated becomes 

turbulent inside the oblique net -shaped spacer or ion- 
conducting spacer, and contacts the cation exchange fibrous 
material and anion exchange fibrous material. Although the 



water to be treated thus contacts the cation exchange 
fibrous material and the anion exchange fibrous material 
alternately to some extent, one cannot say that alternate 
contact is carried out sufficiently efficiently with this 
5 constitution. Moreover, although fibrous materials having 
a large surface area and many usable ion exchange groups 
are used, due to the difference in the water permeability 
between the fibrous materials and the spacer, most of the 
water to be treated flows through the spacer part, and very 
10 little flows through the inside of the nonwoven fabrics. 

The frequency of contact between the ions to be removed and 
the ion exchange groups is thus low. 

DISCLOSURE OF THE INVENTION 
15 The present inventors systematically studied the 

functions demanded of an electrical deionization apparatus 
as described above, and as a result realized that to 
increase the deionization performance and the TOC removal 
performance, the following are important: making the water 
2 0 to be treated contact a cation exchanger and an anion 

exchanger alternately as many times as possible; increasing 
the frequency of contact between the ions to be removed in 
the water to be treated and the ion exchange groups; 
continuous phases of each of the anion exchanger and the 
2 5 cation exchanger being formed between the anion exchange 
membrane and the cation exchange membrane in each 
deionization compartment; and forming a large number of 
contact sites between the cation and anion exchange groups 
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throughout the whole of the deionization compartment, and 
sufficiently passing the water to be treated past these 
contact sites. The present inventors then carried out 
assiduous studies aimed at providing an electrical 
deionization apparatus satisfying all of these conditions, 
and as a result, by selecting suitable materials and 
improving the packing method, succeeded in greatly 
improving the deionization performance and the TOC removal 
performance of an electrical deionization apparatus . 

Following is a description of various specific 
embodiments of the present invention, with reference to the 
drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a conceptual drawing showing the principle 
of an electrical deionization apparatus . 

FIG. 2 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus 
according to an embodiment of the present invention. 

FIG. 3 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus 
according to another embodiment of the present invention. 

FIG. 4 is a conceptual drawing showing the 
constitution of a deionization compartment of an electrical 
deionization apparatus according to another embodiment of 
the present invention. 

FIG. 5 is a conceptual drawing showing the 
constitution of a deionization compartment of an electrical 
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deionization apparatus according to another embodiment of 
the present invention. 

FIG. 6 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus of the 
5 present invention used in Working Example 1. 

FIG. 7 is a graph showing water-passing experiment 
results for Working Example 1. 

FIG. 8 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus 
10 according to prior art used in Comparative Example 1. 

FIG. 9 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus 
according to prior art used in Comparative Example 2. 

FIG. 10 is a conceptual drawing showing the 
15 constitution of an electrical deionization apparatus 

according to a second embodiment of the present invention 
used in Working Example 2 . 

FIG. 11 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus used 
2 0 in Comparative Example 3. 

FIG. 12 is a graph showing operation experiment 
results for Working Example 2. 

FIG. 13 is a graph showing operation experiment 
results for Comparative Example 3. 
2 5 FIG. 14 is a conceptual drawing showing the 

constitution of an electrical deionization apparatus 
according to a third embodiment of the present invention 
used in Working Example 3 . 



FIG. 15 is a conceptual drawing showing the 
constitution of an electrical deionization apparatus 
according to the third embodiment of the present invention 
used in Working Example 4 . 
5 FIG. 16 is a graph showing operation experiment 

results for Working Example 3. 

FIG. 17 is a graph showing changes over time in the 
voltage across the two ends of each of the electrode 
compartments during the operation experiment for Working 
10 Example 2. 

FIG. 18 is a graph showing operation experiment 
results for Working Example 4. 

DETAILED DESCRIPTION OF THE INVENTION 
15 FIG. 2 is a conceptual drawing showing an example of 

the constitution of an electrical deionization apparatus 
according to an embodiment of the present invention. Anion 
exchange membranes A and cation exchange membranes C are 
arranged between a cathode (-) and an anode (+), thus 
2 0 demarcating concentration compartments and deionization 
compartments. Moreover, the compartments contacting the 
electrodes are referred to as electrode compartments. As 
should be clear to a person skilled in the art, each of the 
electrode compartments has the function of either a 
2 5 deionization compartment or a concentration compartment. 

In general, the outermost concentration compartments often 
serve as the electrode compartments. Note that, for 
example, with the apparatus shown in FIG. 2, in the case 
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that the electrodes are disposed in the concentration 
compartments on either side of the central deionization 
compartment, i.e. in the case that only three compartments, 
that is concentration compartment -deionization compartment - 
5 concentration compartment, are formed between the anode and 
the cathode, the concentration compartments on each side 
also fulfils the function of an electrode compartment. It 
should thus be clear to a person skilled in the art that an 
apparatus having this constitution is also included in the 

10 scope 'an electrical deionization apparatus having 

deionization compartments, concentration compartments and 
electrode compartments' stipulated in the claims of the 
present application . 

In each deionization compartment demarcated by an 

15 anion exchange membrane on the anode side and a cation 

exchange membrane on the cathode side, a fibrous material 
having a cation exchange function (referred to as a cation 
exchange fibrous material) and a fibrous material having an 
anion exchange function (referred to as an anion exchange 

2 0 fibrous material) are formed on one another in a plurality 
of layers so as to intersect the direction of flow of water 
to be treated (the water-passing direction). That is, in a 
conventional electrical deionization apparatus, when 
packing sheet materials such as ion-conducting spacers and 

2 5 ion exchange fibrous materials into a deionization 

compartment or concentration compartment, as shown in 
FIG. 8, these materials have been packed in running along 
the direction of flow of the water to be treated (the 
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water-passing direction), i.e. parallel to the ion exchange 
membranes forming the compartments, but in the electrical 
deionization apparatus according to the present invention, 
in each deionization compartment, the ion exchange fibrous 
5 materials are packed in, in a direction intersecting the 
direction of flow of the water to be treated (the water- 
passing direction), and intersecting the ion exchange 
membranes forming the compartments. The ion exchange 
fibrous materials are preferably disposed in layers on one 

10 another in the above direction, and as shown in FIG. 2, it 
is further preferable for cation exchange fibrous material 
layers and anion exchange fibrous material layers to be 
formed on one another alternately. 

In an electrical deionization apparatus having such a 

15 constitution, because the anion exchange fibrous material 
and the cation exchange fibrous material are disposed in 
layers on one another intersecting the direction of flow of 
the water to be treated, all of the water to be treated 
passes through the fibrous materials when flowing through 

2 0 from one surface to the other surface. The water to be 

treated can thus be sufficiently fed over the whole of each 
of the ion exchange fibrous materials having numerous 
usable ion exchange groups, and hence these ion exchange 
groups can be utilized effectively. As a result, the 

2 5 number of usable ion exchange groups per unit length of 

each deionization compartment (in the direction of flow of 
the water to be treated) is greatly increased, and hence 
the length of each deionization compartment can be made 
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shorter than conventionally. With ion exchange fibrous 
materials, there is a problem of pressure loss as described 
earlier, but with the electrical deionization apparatus 
according to the present invention, because the length of 
5 each deionization compartment in the direction of flow of 
the water to be treated can be made much shorter than 
conventionally in this way, increase of the pressure loss 
of the water to be treated does not become a problem in 
practice. 

10 Moreover, according to the present invention, contact 

sites between the anion exchanger and the cation exchanger 
in each deionization compartment, i.e. sites where water 
splitting occurs, are formed over the whole of the cross 
section of the flow of the water to be treated, and hence 

15 much of the water to be treated is fed to sites where water 
splitting occurs, and thus regeneration of the ion 
exchangers by water splitting and decomposition of TOC and 
weak electrolytes such as silica can be promoted. To 
attain such an objective, it is preferable for the anion 

2 0 exchange fibrous material and the cation exchange fibrous 
material packed into each deionization compartment to 
contact one another. 

Note that in the present invention it is sufficient 
for at least one of an anion exchange fibrous material and 

2 5 a cation exchange fibrous material to be disposed 

intersecting the direction of flow of the water to be 
treated. For example, even by disposing an anion exchange 
fibrous material in a plurality of layers intersecting the 



direction of flow of the water to be treated and packing 
cation exchange resin beads or the like between the anion 
exchange fibrous material layers, the effects of the 
present invention can be produced, and hence such a form is 
5 included in the present invention. Alternatively, a 

constitution may be adopted in which both parts where an 
anion exchange fibrous material is disposed in a plurality 
of layers intersecting the direction of flow of the water 
to be treated and cation exchange resin beads or the like 

10 are packed between these anion exchange fibrous material 

layers, and parts where a cation exchange fibrous material 
is disposed in a plurality of layers intersecting the 
direction of flow of the water to be treated and anion 
exchange resin beads or the like are packed between these 

15 cation exchange fibrous material layers exist in the 
deionization compartments . 

In the present invention, it is preferably made to be 
such that in each deionization compartment, an anion 
exchange fibrous material disposed in layers on one another 

2 0 intersecting the direction of flow of the water to be 

treated and an anion exchange membrane demarcating that 
deionization compartment contact one another, and/or a 
cation exchange fibrous material disposed in layers on one 
another intersecting the direction of flow of the water to 

2 5 be treated and a cation exchange membrane demarcating that 
deionization compartment contact one another. That is, 
with the constitution shown in FIG. 2, it is preferable for 
the anion exchange fibrous material disposed in the 



deionization compartment and the anion exchange membrane 
(A) to contact one another, or for the cation exchange 
fibrous material disposed in the deionization compartment 
and the cation exchange membrane (C) to contact one another, 
5 or both. By adopting such a constitution, ions to be 

removed in the water to be treated adsorbed by ion exchange 
by an ion exchange fibrous material will migrate over the 
ion exchange fibrous material up to the ion exchange 
membrane, pass through the ion exchange membrane, and 
10 migrate into the adjacent concentration compartment. Ions 
to be removed adsorbed on an ion exchanger can thus migrate 
up to an ion exchange membrane continuing over the solid 
phase (ion exchanger) without desorbing out into the liquid 
phase. 

15 Moreover, in the present invention, it is preferable 

for at least one of an anion exchange fibrous material and 
a cation exchange fibrous material disposed in each 
deionization compartment to be disposed such as to contact 
both an anion exchange membrane and a cation exchange 

2 0 membrane. With the form shown in FIG. 2, both the anion 
exchange fibrous material and the cation exchange fibrous 
material contact both the anion exchange membrane and the 
cation exchange membrane demarcating the deionization 
compartment. By adopting such a constitution, for example 

2 5 the points of contact between the anion exchange fibrous 
material and the cation exchange membrane (C) function as 
sites where water splitting occurs. OH" ions generated 
through the water splitting at these parts will migrate 
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through the anion exchange groups of the anion exchange 
fibrous material toward the anode one after another while 
bringing about regeneration. The OH" ions generated through 
the water splitting thus bring about regeneration while 
5 migrating from one edge of the deionization compartment to 
the other, which is very efficient. Likewise for H + ions 
generated at the points of contact between the anion 
exchange membrane (A) and the cation exchange fibrous 
material . 

10 Furthermore, in the present invention, as shown in 

FIG. 3, it is preferable for an anion exchange fibrous 
material to be disposed running along the surface of the 
anion exchange membrane and/or for a cation exchange 
fibrous material to be disposed running along the surface 

15 of the cation exchange membrane in each deionization 

compartment . In the case that such ion exchange fibrous 
material layers are not disposed running along the surfaces 
of the ion exchange membranes , contact between each ion 
exchange fibrous material disposed in layers intersecting 

2 0 the direction of flow of the water to be treated and the 

ion exchange membranes disposed running along the direction 
of flow of the water to be treated will occur at end parts 
of the ion exchange fibrous material, and hence this 
contact will not be intimate, and thus a problem of the ion 

2 5 conductivity becoming low may occur, and this problem may 
lead to an increase in the operating voltage. However, 
according to the form shown in FIG. 3, this problem can be 
resolved. 
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Moreover, in the present invention, in each 
deionization compartment, it is preferable for anion 
exchange fibrous material layers and cation exchange 
fibrous material layers disposed intersecting the direction 
5 of flow of the water to be treated to be disposed 

alternately and moreover as numerously as possible. If a 
large number of anion exchange fibrous material layers and 
cation exchange fibrous material layers are disposed 
alternately, then the previously mentioned condition 

10 'making the water to be treated contact a cation exchanger 
and an anion exchanger alternately as many times as 
possible' can be satisfied, and hence the removal of the 
ions to be removed from the water to be treated by ion 
exchange can be carried out more completely. Moreover, if 

15 a large number of cation exchanger layers and anion 

exchanger layers are formed on one another alternately, 
then a large number of contact sites between the anion 
exchanger and the cation exchanger, i.e. sites where water 
splitting occurs , can be formed throughout the whole of the 

2 0 deionization compartment, and hence regeneration of the ion 
exchangers and decomposition of TOC components, silica and 
so on can be carried out very efficiently. 

In the electrical deionization apparatus according to 
the present invention, there are no particular limitations 

2 5 on the constitution of the concentration compartments or 
the electrode compartments, but it is preferable for ion 
exchangers to also be packed into these concentration 
compartments and/or electrode compartments. As the ion 

- 25 - 



exchangers packed into the concentration compartments 
and/or electrode compartments, any materials that have been 
proposed for use in electrical deionization apparatuses can 
be used. For example, ion exchange fibrous materials that 
5 have been given an ion exchange function like those packed 
into the deionization compartments or the like can be used 
as ion exchangers packed into the electrode compartments, 
and furthermore ion- conducting spacers of a form such as an 
oblique net that has been made ion-conductive as disclosed 

10 in WO 99/48820 or the like can be used as ion exchangers 

packed into the concentration compartments and/or electrode 
compartments. Moreover, spacers of a form such as an 
oblique net that has not been made ion-conductive can be 
packed into the concentration compartments and/or electrode 

1 5 compartment s . 

Moreover, structures such as the following are 
included as structures of the electrical deionization 
apparatus according to the present invention, i) An 
electrical deionization apparatus in which a plurality of 

2 0 deionization compartments and concentration compartments 
are disposed alternately, wherein a deionization 
compartment having the basic structure of the present 
invention is provided, ii) An electrical deionization 
apparatus in which, in a deionization compartment, anion 

2 5 exchange fibrous material layers and/or cation exchange 
fibrous material layers are disposed on one another 
intersecting the direction of flow of the water to be 
treated, and at least one layer constituted from another 
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ion exchanger is inserted therebetween, iii) An electrical 
deionization apparatus in which, in a deionization 
compartment, anion exchange fibrous material layers and/or 
cation exchange fibrous material layers are disposed on one 
5 another, and at least one of these layers is constituted 
from a composite of the anion exchange fibrous material or 
a fibrous material having a cation exchange function and 
another ion exchanger. 

Moreover, at contact sites between the cation 

10 exchanger and the anion exchanger in each deionization 
compartment in the electrical deionization apparatus, 
bonding between the cation exchange groups and the anion 
exchange groups will occur, and hence the anion exchanger 
and the cation exchanger will become bonded together more 

15 strongly as the operating time elapses. In the case of a 
form in which ion exchangers are disposed intersecting the 
direction of flow of the water to be treated in each 
deionization compartment, i.e. ion exchangers are disposed 
intersecting the ion exchange membranes demarcating each 

2 0 deionization compartment, as with the electrical 

deionization apparatus according to the present invention, 
to prevent the water to be treated flowing preferentially 
between each ion exchange membrane and the ion exchangers 
packed in, it is necessary to bond the ion exchange 

2 5 membranes and the ion exchangers together strongly at the 
contact sites therebetween. With the electrical 
deionization apparatus according to the present invention, 
it is thus desirable to carry out electrical driving at a 
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low flow rate (e.g. SV < 100 h' 1 ) during the initial period 
of operation, thus forming bonds between the anion 
exchanger and the cation exchange membrane and between the 
anion exchange membrane and the cation exchanger in each 
deionization compartment, and then carry out normal 
operation at an increased flow rate. Furthermore, to 
maintain the bonding between the ion exchange membranes and 
the ion exchangers in each deionization compartment over a 
long time, it is further desirable to keep the pressure in 
each concentration compartment and the pressure in each 
deionization compartment approximately the same so that the 
ion exchange membranes and the ion exchangers do not peel 
away from each other. 

As ion exchange fibrous materials that can be used in 
the electrical deionization apparatus according to the 
present invention, ones obtained by introducing ion 
exchange groups onto a polymeric fibrous substrate by graft 
polymerization can be preferably used. The grafting 
substrate made of the polymeric fibers may be made of 
single fibers of one type such as a polyolef in- type polymer, 
for example polyethylene or polypropylene, or may be made 
of composite fibers in which the axial core and the sheath 
are constituted from different polymers. Examples of 
composite fibers that can be used are composite fibers 
having a core -sheath structure in which a polyolef in -type 
polymer, for example polyethylene, is taken as a sheath 
component, and a polymer other than that used as the sheath 
component, for example polypropylene, is taken as a core 
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component. Such a composite fibrous material onto which 
ion exchange groups have been introduced using radiation- 
induced graft polymerization has excellent ion exchange 
ability, and can be manufactured to a uniform thickness, 
and hence is preferable as an ion exchange fibrous material 
used in the present invention. Examples of forms of the 
ion exchange fibrous material include a woven fabric and a 
nonwoven fabric. 

Moreover, as an ion-conducting spacer that can be 
used in the electrical deionization apparatus according to 
the present invention, one having as a substrate an oblique 
net made of a polyolef in- type polymer resin, for example 
polyethylene as used in conventional electrodialysis tanks, 
with this substrate having been given an ion exchange 
function using radiation- induced grafting, is preferable 
since the ion conductivity is excellent and the ability to 
disperse the water to be treated is excellent. 

Each of the ion exchange fibrous materials, ion- 
conducting spacers and so on used in the electrical 
deionization apparatus according to the present invention 
is preferably manufactured using radiation- induced graft 
polymerization. Radiation-induced graft polymerization is 
a method in which the polymeric substrate is irradiated 
with radiation to form radicals, and a monomer is reacted 
with these radicals, thus introducing the monomer into the 
substrate . 

Examples of radiation that can be used in the 
radiation- induced graft polymerization include a rays, p 



rays, gamma rays, electron beams, and ultraviolet rays, but 
in the present invention gamma rays or electron beams are 
preferably used. In radiation-induced graft polymerization, 
there are a pre -irradiation graft polymerization method in 
5 which the grafting substrate is irradiated with radiation 
in advance and then the grafting substrate is made to 
contact the grafting monomer to bring about reaction, and a 
simultaneous irradiation graft polymerization method in 
which irradiation with the radiation is carried out under 

10 the coexistence of the substrate and the monomer; in the 
present invention, either method can be used. Moreover, 
according to the method of making the monomer and the 
substrate contact one another, there are a liquid phase 
graft polymerization method in which polymerization is 

15 carried out with the substrate immersed in a monomer 

solution, a vapor phase graft polymerization method in 
which polymerization is carried out by making the substrate 
contact a vapor of the monomer, an impregnation vapor phase 
graft polymerization method in which the substrate is 

2 0 immersed in a monomer solution and is then taken out from 

the monomer solution and reaction is carried out in a vapor 
phase, and so on; any of these methods can be used in the 
present invention . 

There are no particular limitations on the ion 

2 5 exchange groups introduced onto each spacer substrate or 

fibrous substrate such as a nonwoven fabric, with it being 
possible to use any of various cation exchange groups or 
anion exchange groups. For example, as cation exchange 

- 30 - 



groups , strongly acidic cation exchange groups such as 
sulfonic acid groups , moderately acidic cation exchange 
groups such as phosphoric acid groups, or weakly acidic 
cation exchange groups such as carboxyl groups can be used, 
5 and as anion exchange groups, weakly basic anion exchange 
groups such as primary to tertiary amino groups, or 
strongly basic anion exchange groups such as quaternary 
ammonium groups can be used; alternatively, an ion 
exchanger having both cation exchange groups and anion 

10 exchange groups as above can be used. 

Each of these various types of ion exchange groups 
can be introduced onto the fibrous substrate or spacer 
substrate by carrying out graft polymerization, preferably 
radiation-induced graft polymerization, using a monomer 

15 having the ion exchange groups, or by carrying out graft 

polymerization using a polymerizable monomer having groups 
that can be converted into the ion exchange groups, and 
then converting these groups into the ion exchange groups . 
Examples of monomers having ion exchange groups that can be 

20 used with this objective include acrylic acid (AAc) , 

methacrylic acid, sodium styrenesulf onate (SSS), sodium 
methallylsulf onate, sodium allylsulf onate , sodium 
vinylsulf onate, vinylbenzyl trimethyl ammonium chloride 
(VBTAC), diethylaminoethyl methacrylate, and 

2 5 dimethylaminopropyl acrylamide. For example, by carrying 
out radiation-induced graft polymerization using sodium 
styrenesulf onate as a monomer, sulfonic acid groups, which 
are strongly acidic cation exchange groups, can be directly 



introduced onto a substrate; by carrying out radiation- 
induced graft polymerization using vinylbenzyl trimethyl 
ammonium chloride as a monomer, quaternary ammonium groups, 
which are strongly basic anion exchange groups, can be 
5 directly introduced onto a substrate. Moreover, examples 
of monomers having groups that can be converted into ion 
exchange groups include acrylonitrile, acrolein, 
vinylpyr idine , styrene, chloromethylstyrene , and glycidyl 
methacrylate (GMA) . For example, by introducing glycidyl 

10 methacrylate onto a substrate by radiation -induced graft 

polymerization, and then reacting with a sulfonating agent 
such as sodium sulfite, sulfonic acid groups, which are 
strongly acidic cation exchange groups, can be introduced 
onto the substrate; by graft -polymerizing 

15 chloromethylstyrene onto a substrate, and then immersing 
the substrate in a trimethylamine aqueous solution to 
convert into quaternary ammonium groups , quaternary 
ammonium groups, which are strongly basic anion exchange 
groups, can be introduced onto the substrate. 

2 0 In FIGS. 2 and 3, examples were shown in which the 

electrical deionization apparatus according to the present 
invention is constituted by forming sheet -shaped ion 
exchange fibrous materials in layers on one another in a 
deionization compartment in a direction intersecting the 

2 5 direction of flow of the water to be treated, i.e. 

crossways; however, electrical deionization apparatuses 
according to the present invention can also be constituted 
using other ion exchange fibrous material packing methods 
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such as the following. 

First, as shown in FIG. 4, an electrical deionization 
apparatus according to the present invention can be 
constituted by placing a long sheet -shaped anion exchange 
fibrous material and a long sheet -shaped cation exchange 
fibrous material on one another, folding the resulting 
structure in accordance with the dimensions of the 
deionization compartment so as to form a pleated ion 
exchange fibrous material structure, and packing this 
pleated structure into the deionization compartment such 
that the surfaces of the pleats intersect the water-passing 
direction, and moreover the two end sections of the 
structure contact respectively the cation exchange membrane 
and the anion exchange membrane demarcating the 
deionization compartment. Moreover, as shown in FIG. 5, an 
electrical deionization apparatus according to the present 
invention can be constituted by placing a long sheet -shaped 
anion exchange fibrous material and a long sheet -shaped 
cation exchange fibrous material on one another and rolling 
up the resulting structure, and packing one or a plurality 
of rolls thus produced into the deionization compartment 
such that the two end sections of each roll contact 
respectively the cation exchange membrane and the anion 
exchange membrane demarcating the deionization compartment . 
With the electrical deionization apparatuses of the forms 
shown in FIGS. 4 and 5, anion exchange fibrous material 
layers and cation exchange fibrous material layers are 
disposed on one another intersecting the direction of flow 
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of the water to be treated, and hence these forms are 
included in the scope of the electrical deionization 
apparatus of the present invention. Note that with these 
forms, again if as shown in FIG. 3 an anion exchange 
fibrous material is disposed running along the surface of 
the anion exchange membrane demarcating the deionization 
compartment and/or a cation exchange fibrous material is 
disposed running along the surface of the cation exchange 
membrane demarcating the deionization compartment, then the 
contact between the ion exchangers packed into the 
deionization compartment and the ion exchange membranes 
demarcating the deionization compartment can be made 
stronger. 

As the ion exchange membranes used in constituting 
the electrical deionization apparatus according to the 
present invention, for example Neosepta CMX (Tokuyama 
Corporation) or the like can be used as each cation 
exchange membrane, and for example Neosepta AMX (Tokuyama 
Corporation) or the like can be used as each anion exchange 
membrane . 

Due to the constitution being as described above, 
according to the electrical deionization apparatus 
according to the present invention, the following effects 
are obtained, and the deionization efficiency of the 
electrical deionization apparatus can be greatly improved, 
and the electrical deionization apparatus can reduced in 
size. The water to be treated can be made to contact the 
cation exchanger and the anion exchanger completely 



alternately in many stages. 

1. Because the fibrous material layers having an ion 
exchange function are constituted from fibers and the fiber 
diameter is low, the solid phase migration diffusion 
distance for the ions is short, and moreover the surface 
area is high, and the frequency of contact between the ions 
to be removed and the functional groups is high, and hence 
the time taken for the ion exchange reactions to reach 
equilibrium is short, and moreover the neutralization 
reactions are readily completed. 

2. Because the fibrous material layers having a 
cation exchange function and the fibrous material layers 
having an anion exchange function are in close contact with 
the cation exchange membrane and the anion exchange 
membrane respectively, and ion exchangers of the same type 
are packed continuously in the electrode direction so as to 
cut across each deionization compartment, ions to be 
removed that have been adsorbed onto the solid phase 
through ion exchange and H + ions and OH" ions generated 
through water splitting migrate through the solid phase 
readily, and are thus carried into a concentration 
compartment without desorbing out into the liquid phase 

3. As contact sites between a cation exchanger and an 
anion exchanger, there are provided contact sites between 
the cation exchange membrane and the anion exchange fibrous 
material layers, contact sites between the anion exchange 
membrane and the cation exchange fibrous material layers, 
and contact sites between the cation exchange fibrous 



material layers and the anion exchange fibrous material 
layers. Moreover, it is though that in the case of packing 
in the ion exchange fibrous materials in a large number of 
alternate layers, most of the water splitting occurs at the 
5 contact sites between the cation exchange fibrous material 
layers and the anion exchange fibrous material layers . 
Much of the water to be treated thus flows past the sites 
where water splitting occurs, and ionization of TOC 
components and weak electrolytes is promoted at the sites 

10 where water splitting occurs, and hence the proportion 
removed of the TOC components and weak electrolyte 
components can be increased. 

Due to the above principles, according to the 
electrical deionization apparatus according to the present 

15 invention, for example in the case of feeding in water on a 
level of RO treated water at 10 Lh" 1 as the water to be 
treated, at an SV (spatial velocity: speed of feeding in 
water to be treated / total deionization compartment 
volume) of 200 h" 1 and an operating current of 0.4 A, 

2 0 treated water having a resistivity of approximately 18.0 
MQcm, a TOC concentration of not more than 10 ppb # and a 
silica concentration of not more than 30 ppb can be stably 
obtained. 

By adopting the constitution of the present invention 
2 5 as described above in which at least one of anion exchange 
fibrous material layers and cation exchange fibrous 
material layers are disposed on one another intersecting 
the direction of flow of the water to be treated in each 



deionization compartment, the deionization efficiency 
relative to the volume of the deionization compartment can 
be greatly improved, and hence the dimensions of the 
electrical deionization apparatus can be made much smaller 
5 than with a conventional electrical deionization apparatus. 

Nevertheless, according to subsequent studies by the 
present inventors, it has been ascertained that if an 
electrical deionization apparatus of reduced size as 
described above is operated for a long time, then, 

10 particularly in the case that the water to be treated 

contains much calcium and carbonate, i.e. is hard water, a 
strong tendency may be seen for the operating voltage to 
increase with time. It is thought that this is because the 
calcium ions and carbonate ions in the water to be treated 

15 are introduced from a deionization compartment into an 

adjacent concentration compartment and thus concentrated in 
the concentration compartment, whereby calcium carbonate is 
produced, which deposits out as crystals, and this calcium 
carbonate acts as an insulator and thus obstructs the flow 

2 0 of electricity, and hence the operating voltage increases. 

This phenomenon has also been seen to occur in conventional 
electrical deionization apparatuses, but because the 
apparatus is large, the electrodes have a large area, and 
hence the current density is low, and thus calcium 

2 5 carbonate is produced only thinly over the whole and hence 
dissolves in the water; it is thought that this is why 
serious problems have not often been caused by deposition 
of calcium carbonate crystals. However, with the present 
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invention, it is though that this problem may become more 
apparent when the deionization apparatus is greatly reduced 
in size. 

Examining this phenomenon of deposition of calcium 
5 carbonate crystals in the concentration compartments, first, 
calcium carbonate is produced at the anion exchanger/cation 
exchanger contact interfaces in each concentration 
compartment . The calcium carbonate produced has low 
solubility, and hence deposits out as crystals, and then 

10 the crystal grains produced act as nuclei, whereby the 

deposition of crystals proceeds . Focusing on the mechanism 
of this deposition of calcium carbonate crystals, the 
present inventors realized that if the anion 
exchanger/cation exchanger contact interfaces where the 

15 calcium carbonate is produced are dispersed throughout the 
whole of each concentration compartment, then even if 
calcium carbonate is produced, the calcium carbonate will 
not deposit out as crystals, and hence it will be possible 
to carry out the deionization operation stably. The 

2 0 present inventors thus realized that by adopting the 
constitution of the present invention used in the 
deionization compartments as described above for the 
concentration compartments as well, the anion 
exchanger/cation exchanger contact interfaces in each 

2 5 concentration compartment could be dispersed through the 
whole of the concentration compartment; the present 
inventors thus arrived at a second preferable embodiment of 
the present invention. 
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That is, the second preferable embodiment of the 
present invention is characterized in that in each 
concentration compartment in the electrical deionization 
apparatus, at least one of anion exchange fibrous material 
5 layers and cation exchange fibrous material layers are 
disposed on one another intersecting the water-passing 
direction. 

In the second embodiment of the present invention, 
regarding the method of packing the ion exchange fibrous 

10 materials into each concentration compartment and the 

water-passing method, any of the various forms described 
above with reference to FIGS. 2 to 5 with regard to the 
method of packing the ion exchange fibrous materials into 
each deionization compartment and the water-passing method 

15 can be adopted. 

Furthermore, through further studies, the present 
inventors discovered that the deionization operating 
voltage can be made yet more stable by disposing ion 
exchange fibrous materials on one another intersecting the 

2 0 water-passing direction in the electrode compartments as 
well. It is known that in the electrode compartments, 
particularly the cathode compartment, the voltage across 
the two ends of the compartment increases as the 
deionization operating time elapses. The present inventors 

2 5 examined this , and as a result concluded that the reason 
for this phenomenon is that OH" ions are produced through 
electrolysis of water on the surface of the electrode, and 
these OH"" ions bond to calcium ions in the passed water to 



produce calcium hydroxide, which is deposited on the 
surface of the electrode to form an insulator film, whereby 
the electrical resistance increases. Consequently, in the 
electrode compartments, particularly the cathode 
5 compartment, if an ion exchange fibrous material is 
disposed in layers on one another in a direction 
intersecting the water-passing direction, then the contact 
area between the electrode and the passed water can be 
greatly increased, and hence localization of the calcium 

10 hydroxide produced can be prevented, but rather the calcium 
hydroxide can be dispersed throughout the whole of the 
electrode compartment , and hence deposition of calcium 
hydroxide crystals in the electrode compartment can be 
suppressed, and as result an increase in the voltage 

15 difference across the electrode compartment can be 

suppressed. Moreover, it is thought that an increase in 
the voltage across the two ends of the cathode compartment 
also occurs for the following reasons. In the case that an 
ion exchanger is packed into the cathode compartment , an 

2 0 anion exchanger is normally used. The anion exchange 

groups, for example quaternary ammonium groups (R-N 4 (CH 3 ) 3 ) , 
are positively charged, and hence are attracted to the 
electrode (cathode). At the electrode, reduction of water 

2H + + 2e~ -» H 2 t 
2 5 i.e. electrolysis of water, normally occurs, but it is 
thought that the quaternary ammonium groups are also 
reduced at the same time. 

2R-N + (CH 3 ) 3 + 2e~ -* 2R-CH 3 + 2C 2 H 6 + N 2 t 
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If the quaternary ammonium groups are reduced then 
the ion exchange function is lost and an insulator is 
formed, and hence the voltage across the two ends of the 
electrode compartment increases . In a conventional 
5 electrical deionization apparatus, an ion-conducting spacer 
has been used in the case of packing an ion exchanger into 
an electrode compartment, and hence it is thought that the 
electrode and the ion exchanger contact one another through 
so-called point contact, and thus the flow of electricity 

10 is obstructed by the anion exchange groups being converted 
into insulators as described above, whereby the increase in 
the voltage across the two ends of the electrode 
compartment becomes marked. However, according to a third 
embodiment of the present invention, an anion exchange 

15 fibrous material is disposed in layers on one another in a 
direction intersecting the water-passing direction in the 
cathode compartment in particular, whereby the contact area 
between the cathode and the anion exchanger in the cathode 
compartment is greatly increased such that there is so- 

2 0 called surface contact; the anion exchange groups being 

converted into insulators at part of the surface will thus 
not have a sufficiently large effect as to bring about an 
increase in the voltage across the two ends of the 
electrode compartment , and as a result an increase in the 

2 5 voltage across the two ends of the electrode compartment 
can be suppressed. This further preferable third 
embodiment of the present invention is thus characterized 
in that at least one of anion exchange fibrous material 
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layers and cation exchange fibrous material layers are 
disposed on one another intersecting the water-passing 
direction in an electrode compartment in the electrical 
deionization apparatus. In the third embodiment of the 
present invention, it is particularly preferable for an 
anion exchange fibrous material to be disposed in layers on 
one another intersecting the water-passing direction in the 
cathode compartment . 

In the third embodiment of the present invention, in 
particular, it is preferable for an ion exchange fibrous 
material, particularly preferably a cation exchange fibrous 
material, to be disposed in layers on one another 
intersecting the water-passing direction in the cathode 
compartment. Regarding the method of packing in the ion 
exchange fibrous material and the water-passing method, any 
of the various forms described above with reference to 
FIGS. 2 to 5 with regard to the method of packing the ion 
exchange fibrous materials into each deionization 
compartment and the water-passing method can be adopted. 
Note, however, that in the case of the cathode compartment, 
the compartment is demarcated by the cathode and normally 
an anion exchange membrane, and the anion exchange fibrous 
material disposed in layers on one another in the cathode 
compartment can be disposed such as to contact at least one 
of the anion exchange membrane and the cathode demarcating 
the compartment, or can disposed such as to contact both of 
the anion exchange membrane and the cathode demarcating the 
compartment; furthermore, in the cathode compartment, an 



anion exchange fibrous material can be disposed running 
along the surface of the anion exchange membrane and/or the 
cathode demarcating the cathode compartment . 

The characteristic features of the various 
5 embodiments of the present invention described above may be 
adopted in combination, or singly. That is, in the 
electrical deionization apparatus according to the present 
invention, the compartment ( s ) in which an ion exchange 
fibrous material is disposed in layers on one another 

10 intersecting the water-passing direction may be any one of 
the deionization compartments, the concentration 
compartments and the electrode compartments, or may be the 
deionization compartments and the concentration 
compartments, or the deionization compartments and the 

15 electrode compartments, or the concentration compartments 
and the electrode compartments, or all of the deionization 
compartments, the concentration compartments and the 
electrode compartments. Moreover, as already described 
above, an ion exchange fibrous material may be disposed in 

2 0 layers on one another intersecting the water-passing 

direction in only some of the deionization compartments , or 
only some of the concentration compartments, or only one of 
the electrode compartments. 

In the above, embodiments in which an ion exchange 

2 5 fibrous material is disposed in layers on one another 

intersecting the intersecting the direction of flow of the 
water to be treated in at least one compartment out of the 
deionization compartments and the concentration 
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compartments have been described; however, any water- 
permeable porous material that has been given ion exchange 
ability and has approximately the same amount of usable ion 
exchange groups and approximately the same water 
5 permeability as such an ion exchange fibrous material can 
be disposed in a deionization compartment instead of, or in 
combination with, the ion exchange fibrous material, and 
the effects of the present invention can also be produced 
through this form. That is, another form of the present 

10 invention relates to an electrical deionization apparatus 
having deionization compartments and concentration 
compartments partitioned from one another by a plurality of 
ion exchange membranes between a cathode and an anode, the 
electrical deionization apparatus, wherein in at least one 

15 compartment out of the deionization compartments and the 

concentration compartments, water-permeable porous material 
layers that have been given an ion exchange function are 
disposed on one another intersecting the direction of flow 
of the water to be treated. 

20 Examples of water-passable porous materials that can 

be used in this embodiment of the present invention include 
porous substrates having therein communicating cavities. A 
•porous substrate having therein communicating cavities' 
means any structure having therein cavities that are 

2 5 connected together continuously so as to pass through the 
inside of the substrate from one surface thereof to the 
other surface thereof on the opposite side; such structures 
include, for example, open-cell foams made of an olefinic 
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synthetic resin such as polyethylene or polypropylene, 
natural open-cell foams such as sponges, and three- 
dimensional woven fabrics comprising a plain weave fabric 
in which fibers are woven in a longitudinal direction and a 
5 transverse direction, with fibers further woven in the 
thickness direction. Out of these, a polyolefinic open- 
cell foam such as a polyethylene- type porous body or a 
polypropylene -type porous body can be preferably used, and 
as a three-dimensional woven fabric, a polyolefinic three - 

10 dimensional woven fabric in which polyethylene fibers, 
polypropylene fibers or the like are woven in three 
dimensions can be preferably used. Such a material onto 
which ion exchange groups have been introduced can be 
disposed in layers on one another in a direction 

15 intersecting the direction of flow in each deionization 
compartment . 

A porous substrate having therein communicating 
cavities that can be used with the above objective 
preferably has a void fraction of 93 to 96%, a mean pore 

2 0 diameter of 0.6 to 2.6 mm, and a specific surface area of 

21000 to 38000 m 2 /m 3 , particularly preferably approximately 
30000 m 2 /m 3 . Moreover, the porous substrate must function 
as a substrate onto which ion exchange groups can be 
introduced, and thus preferably comprises a polyolef in- type 

2 5 polymer, for example polyethylene, polypropylene, or a 
composite thereof. Specifically, a polyethylene -type 
porous body having a void fraction of 93 to 96%, a mean 
pore diameter of 0.6 to 2.6 mm, and a specific surface area 
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of approximately 30000 m 2 /m 3 (made by Sekisui Chemical Co., 
Ltd.) can be particularly preferably used. In the present 
invention, by using an ion exchanger obtained by 
introducing ion exchange groups onto such a porous 
5 substrate having therein communicating cavities, and 
disposing this ion exchanger in layers on one another 
intersecting the direction of flow of the water to be 
treated, the water to be treated can be made to pass 
through the ion exchanger without the flow being obstructed, 

10 and hence the water to be treated can be made to contact 
the ion exchanger sufficiently without having to keep the 
inflow pressure of the water to be treated high. 

The introduction of the ion exchange groups onto the 
water-passable porous material as described above can be 

15 carried out using radiation -induced graft polymerization as 
described earlier. The introduction of the ion exchange 
groups is preferably carried out such that the salt 
splitting capacity becomes 2.8 to 3.3 meq/g in the case of 
an anion exchanger, and 2.7 to 3.0 meq/g in the case of a 

2 0 cation exchanger. If the salt splitting capacity of the 
ion exchanger is within such a range, then there will be 
many ion exchange groups that can contact the ions in the 
water to be treated, and hence a good ion exchange function 
can be produced. 

2 5 Regarding a water-passable porous material that has 

been given an ion exchange function as described above, 
again the compartment ( s ) in which this material is disposed 
may be any one of the deionization compartments, the 
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concentration compartments and the electrode compartments, 
or may be the deionization compartments and the 
concentration compartments, or the deionization 
compartments and the electrode compartments, or the 
concentration compartments and the electrode compartments, 
or all of the deionization compartments, the concentration 
compartments and the electrode compartments. Moreover, as 
already described above, the water-passable porous material 
that has been given an ion exchange function may be 
disposed in only some of the deionization compartments, or 
only some of the concentration compartments, or only one of 
the electrode compartments. 

Various embodiments of the present invention are as 
follows . 

1 . An electrical deionization apparatus having 
deionization compartments, concentration compartments and 
electrode compartments partitioned from one another by a 
plurality of ion exchange membranes between a cathode and 
an anode, wherein in at least one compartment out of the 
deionization compartments, the concentration compartments 
and the electrode compartments, at least one of anion 
exchange fibrous material layers and cation exchange 
fibrous material layers are disposed on one another 
intersecting a water-passing direction. 

2 . The electrical deionization apparatus according to 
above item 1, wherein in at least one compartment out of 
the deionization compartments and the concentration 
compartments, the anion exchange fibrous material disposed 



in layers in that compartment and an anion exchange 
membrane demarcating that compartment are disposed such as 
to contact one another, and/or the cation exchange fibrous 
material disposed in layers in that compartment and a 
5 cation exchange membrane demarcating that compartment are 
disposed such as to contact one another. 

3. The electrical deionization apparatus according to 
above item 1, wherein in at least one compartment out of 
the deionization compartments and the concentration 

10 compartments, at least one of the anion exchange fibrous 
material disposed in layers in that compartment and the 
cation exchange fibrous material disposed in layers in that 
compartment is disposed such as to contact both an anion 
exchange membrane and a cation exchange membrane 

15 demarcating that compartment. 

4. The electrical deionization apparatus according to 
above item l f wherein in at least one compartment out of 
the deionization compartments and the concentration 
compartments, an anion exchange fibrous material is 

2 0 disposed running along the surface of an anion exchange 
membrane, and/or a cation exchange fibrous material is 
disposed running along the surface of a cation exchange 
membrane . 

5. The electrical deionization apparatus according to 
2 5 any of above items 1 through 4, wherein in at least one 

compartment out of the deionization compartments and the 
concentration compartments, a plurality of anion exchange 
fibrous material layers and cation exchange fibrous 



material layers are disposed on one another alternately 
intersecting the water-passing direction. 

6 . The electrical deionization apparatus according to 
any of above items 1 through 5, wherein each of the anion 

5 exchange fibrous material and the cation exchange fibrous 
material is a woven fabric or nonwoven fabric material. 

7. The electrical deionization apparatus according to 
any of above items 1 through 6, wherein at least one of the 
anion exchange fibrous material and the cation exchange 

10 fibrous material is a material obtained by introducing ion 
exchange groups onto a substrate using radiation -induced 
graft polymerization. 

8. The electrical deionization apparatus according to 
any of above items 1 through 7, wherein the anion exchange 

15 fibrous material or the cation exchange fibrous material is 
disposed in at least some of the deionization compartments. 

9. The electrical deionization apparatus according to 
any of above items 1 through 7, wherein the anion exchange 
fibrous material or the cation exchange fibrous material is 

20 disposed in at least some of the concentration compartments. 

10. The electrical deionization apparatus according 
to any of above items 1 through 9, wherein the anion 
exchange fibrous material or the cation exchange fibrous 
material is disposed in at least some of the electrode 

2 5 compartments. 

11. The electrical deionization apparatus according 
to any of above items 1 through 7, wherein the anion 
exchange fibrous material or the cation exchange fibrous 
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material is disposed in at least some of the deionization 
compartments and at least some of the concentration 
compartments . 

12. The electrical deionization apparatus according 
5 to above item 11, wherein the anion exchange fibrous 

material or the cation exchange fibrous material is 
disposed in at least some of the electrode compartments. 

13. The electrical deionization apparatus according 
to above item 10 or 12, wherein layers of the anion 

10 exchange fibrous material are disposed in a cathode 
compartment . 

14. The electrical deionization apparatus according 
to above item 13, wherein in the cathode compartment, the 
anion exchange fibrous material disposed in layers in the 

15 cathode compartment is disposed such as to contact at least 
one of an anion exchange membrane and a cathode demarcating 
the cathode compartment . 

15. The electrical deionization apparatus according 
to above item 13, wherein in the cathode compartment, the 

2 0 anion exchange fibrous material disposed in layers in the 
cathode compartment is disposed such as to contact both of 
an anion exchange membrane and a cathode demarcating the 
cathode compartment . 

16. The electrical deionization apparatus according 
2 5 to above item 13, wherein in the cathode compartment, an 

anion exchange fibrous material is disposed running along 
the surface of an anion exchange membrane and/or a cathode 
demarcating the cathode compartment . 
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17. An electrical deionization apparatus having 
deionization compartments, concentration compartments and 
electrode compartments partitioned from one another by a 
plurality of ion exchange membranes between a cathode and 

5 an anode, wherein in at least one compartment out of the 
deionization compartments, the concentration compartments 
and the electrode compartments, water -permeable porous 
material layers that have been given an ion exchange 
function are disposed on one another intersecting the 
10 direction of flow of passing water. 

18 . The electrical deionization apparatus according 
to above item 17, wherein the water-permeable porous 
material that has been given an ion exchange function is a 
material obtained by introducing ion exchange groups onto a 

15 substrate using radiation-induced graft polymerization. 

19. The electrical deionization apparatus according 
to above item 17 or 18, wherein the water-permeable porous 
material that has been given an ion exchange function is 
disposed in at least some of the deionization compartments. 

2 0 20. The electrical deionization apparatus according 

to above item 17 or 18, wherein the water-permeable porous 
material that has been given an ion exchange function is 
disposed in at least some of the concentration compartments. 
21. The electrical deionization apparatus according 

2 5 to any of above items 17 through 20, wherein the water- 
permeable porous material that has been given an ion 
exchange function is disposed in at least some of the 
electrode compartments . 



22. The electrical deionization apparatus according 
to above item 17 or 18, wherein the water-permeable porous 
material that has been given an ion exchange function is 
disposed in at least some of the deionization compartments 

5 and at least some of the concentration compartments. 

23. The electrical deionization apparatus according 
to above item 22, wherein the water-permeable porous 
material that has been given an ion exchange function is 
disposed in at least some of the electrode compartments. 

10 24. The electrical deionization apparatus according 

to above item 21 or 23, wherein a water -permeable porous 
material that has been given a cation exchange function is 
disposed in a cathode compartment. 

25. An electrical deionization apparatus having 

15 deionization compartments, concentration compartments and 
electrode compartments partitioned from one another by a 
plurality of ion exchange membranes between a cathode and 
an anode, wherein in at least one compartment out of the 
deionization compartments, the concentration compartments 

2 0 and the electrode compartments, a pleated ion exchange 

fibrous material structure formed by placing a long sheet - 
shaped anion exchange fibrous material and a long sheet - 
shaped cation exchange fibrous material on one another and 
folding the resulting structure in accordance with the 

2 5 dimensions of the compartment is packed into the 

compartment such that surfaces of the pleats intersect a 
water-passing direction, and moreover the two end sections 
of the structure contact respectively a cation exchange 
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membrane and an anion exchange membrane demarcating the 
compartment . 

26. An electrical deionization apparatus having 
deionization compartments, concentration compartments and 
electrode compartments partitioned from one another by a 
plurality of ion exchange membranes between a cathode and 
an anode, wherein in at least one compartment out of the 
deionization compartments, the concentration compartments 
and the electrode compartments, a rolled structure formed 
by placing a long sheet -shaped anion exchange fibrous 
material and a long sheet -shaped cation exchange fibrous 
material on one another and rolling up the resulting 
structure is packed into the compartment such that the two 
end sections of the structure contact respectively a cation 
exchange membrane and an anion exchange membrane 
demarcating the compartment. 

Following is a more detailed description of the 
present invention through specific working examples. The 
following description merely gives specific examples of the 
present invention, and the present invention is not limited 
thereto. 

Manufacturing Example 1: Manufacture of cation exchange 
nonwoven fabric 

A heat-fused nonwoven fabric of areal density 55 g/m 2 
and thickness 0.35 mm made of polyethylene (sheath) / 
polypropylene (core) composite fibers of fiber diameter 
17 \ua was used as a substrate. The nonwoven fabric 
substrate was irradiated with an electron beam (150 kGy) 
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under a nitrogen atmosphere. After the irradiation, the 
nonwoven fabric substrate was immersed in a methanol 
solution of 10% glycidyl methacrylate , and reaction was 
carried out for 4 hours at 4 5°C. After the reaction, the 
5 nonwoven fabric substrate was immersed for 5 hours in a 
dimethylf ormamide solution at 60°C, thus removing polymer 
of the monomer (homopolymer ) not bound to the substrate, 
whereby a nonwoven fabric material graft -polymerized with 
glycidyl methacrylate (graft rate 131%) was obtained. This 

10 grafted nonwoven fabric was immersed in a solution of 

sodium sulfite, isopropyl alcohol and water in a weight 
ratio of 1:1:8, and reaction was carried out for 10 hours 
at 80°C, thus introducing sulfonic acid groups, and then 
regeneration treatment was carried out with hydrochloric 

15 acid (5 wt%), thus obtaining a strongly acidic cation 
exchange nonwoven fabric (salt splitting capacity 4 71 
meq/m 2 ) . This was taken as a 'cation exchange nonwoven 
fabric ' . ; 

Manufacturing Example 2 : Manufacture of anion exchange 

2 0 nonwoven fabric 

A nonwoven fabric substrate as in Manufacturing 
Example 1 was irradiated with an electron beam (150 kGy) 
under a nitrogen atmosphere. Chloromethylstyrene (made by 
Seimi Chemical Co., Ltd., trade name CMS-AM) was passed 

2 5 through an activated alumina packed layer to remove a 

polymerization inhibitor, and was then exposed to nitrogen 
gas . The nonwoven fabric substrate that had been 
irradiated with the electron beam was then immersed in the 
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deoxygenated chloromethylstyrene solution, and reaction was 
carried out for 6 hours at 50°C. After that, the nonwoven 
fabric was taken out from the chloromethylstyrene solution, 
and was immersed for 3 hours in toluene, thus removing 
homopolymer, whereby a nonwoven fabric material graft - 
polymerized with chloromethylstyrene (graft rate 161%) was 
obtained. This grafted nonwoven fabric was treated in a 
trimethylamine solution (10 wt%) so as to attach quaternary 
ammonium groups thereto, and was then subjected to 
regeneration treatment with a sodium hydroxide aqueous 
solution (5 wt%), thus obtaining a strongly basic anion 
exchange nonwoven fabric having quaternary ammonium groups 
(salt splitting capacity 350 meq/m 2 ) . This was taken as an 
1 anion exchange nonwoven fabric ' . 

Manufacturing Example 3: Manufacture of cation-conducting 
spacer 

A polyethylene oblique net of thickness 1 . 2 mm and 
pitch 3 mm was used as a ion-conducting spacer substrate, 
and sodium styrenesulf onate was used as a graft monomer and 
acrylic acid as a supplementary monomer. 

While cooling with dry ice, the polyethylene oblique 
net was irradiated with y rays (150 kGy) in a nitrogen 
atmosphere. After the irradiation, the oblique net was 
immersed in a mixed monomer solution of sodium 
styrenesulf onate and acrylic acid, and reaction was carried 
out for 3 hours at 75°C, thus obtaining a grafted oblique 
net material (cation-conducting spacer) having sulfonic 
acid groups and carboxyl groups (graft rate 153%). The 
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salt splitting capacity was 189 meq/m 2 , and the overall 
exchange capacity was 834 meq/m 2 . This was taken as a 
'cation-conducting spacer'. 

Manufacturing Example 4: Manufacture of anion-conducting 
5 spacer 

While cooling with dry ice, a polyethylene oblique 
net as in Manufacturing Example 3 was irradiated with y 
rays (150 kGy) in a nitrogen atmosphere. After the 
irradiation, the oblique net was immersed in a monomer 

10 mixture of VBTAC (vinylbenzyl trimethyl ammonium chloride) 
and DMAA ( dimethylacrylamide) , and reaction was carried out 
for 3 hours at 50°C, thus obtaining an oblique net grafted 
with VBTAC and DMAA. The graft rate was calculated to be 
156%. The grafted oblique net obtained was calculated to 

15 have a salt splitting capacity of 198 meq/m 2 . This was 
taken as an 1 anion-conducting spacer*. 
Working Example 1 

An electrical deionization apparatus having the 
constitution shown in FIG. 6 was assembled. Cation 

2 0 exchange membranes C (made by Tokuyama Corporation: 

Neosepta CMB) and anion exchange membranes A (made by 
Tokuyama Corporation: Neosepta AHA) were arranged between a 
cathode and an anode as shown in FIG. 6, thus forming an 
electrical deionization apparatus having an anode 

2 5 compartment, a concentration compartment, a deionization 
compartment, a concentration compartment, and a cathode 
compartment arranged therein in this order from the anode 
side. The thickness of the deionization compartment was 
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made to be 20 mm, the size of the electrodes 50 mm long x 
50 mm wide, and the thickness of the concentration 
compartments and electrode compartments 3 mm. In the 
deionization compartment, twenty-five of each of a cation 
5 exchange nonwoven fabric manufactured as in Manufacturing 
Example 1 and regenerated with hydrochloric acid, and an 
anion exchange nonwoven fabric manufactured as in 
Manufacturing Example 2 and regenerated with an alkali were 
packed on one another alternately in a direction 

10 intersecting the direction of flow of water to be treated 
(i.e. crossways) as shown in FIG. 6. In the concentration 
compartments, two of an anion-conducting spacer 
manufactured as in Manufacturing Example 4 were disposed 
parallel to the anion exchange membrane on the anion 

15 exchange membrane, and two of a cation- conducting spacer 
manufactured as in Manufacturing Example 3 were disposed 
parallel to the cation exchange membrane on the surface of 
the cation exchange membrane. Moreover, in the anode 
compartment, four of a cation-conducting spacer 

2 0 manufactured as in Manufacturing Example 3 were disposed 
parallel to the cation exchange membrane, and in the 
cathode compartment, four of an anion-conducting spacer 
manufactured as in Manufacturing Example 4 were disposed 
parallel to the anion exchange membrane. 

2 5 A direct current of 0.4 A was applied between the 

electrodes, 0.2 MQcm RO treated water (reverse osmosis 
membrane -treated water: silica concentration 0.1 to 0.3 ppm, 
temperature 14 to 26°C, TOC concentration 120 ppb) was 
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passed into the deionization compartment at a flow rate of 
10 Lh" 1 (SV = 200 IT 1 ), and regarding the concentration 
compartments and the electrode compartments, 0.2 MQcm RO 
treated water was passed at 2.5 Lh" 1 in series from the 
5 electrode compartment on the cathode side into the 

concentration compartment on the cathode side, and in 
series from the electrode compartment on the anode side 
into the concentration compartment on the anode side. As a 
result, after 1 minute's operation, 18.2 MQcm water was 

10 obtained from the deionization compartment as deionized 
water, and after 1000 hours' operation, water of 
resistivity at least 18.0 MQcm was obtained stably. FIG. 7 
shows a graph of the change over time in the resistivity of 
the treated water up to 1200 hours' operation. Moreover, 

15 the TOC concentration of the treated water was 7.2 ppb 

after 25 hours, and reached an equilibrium value at 5.3 ppb. 
The pressure loss for the deionization compartment was 0.5 
kgf/cm 2 after 1000 hours' operation. 
Comparative Example 1 

2 0 A water-passing test was carried out with a 

conventional electrical deionization apparatus in which ion 
exchange fibrous materials and ion-conducting spacers were 
packed into the deionization compartments and concentration 
compartments parallel to the direction of flow of water to 

2 5 be treated. As shown in FIG. 8, anion exchange membranes 
(A) and cation exchange membranes (C) were arranged 
alternately between electrodes, thus assembling an 
electrical deionization apparatus of a hitherto publicly 
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known type having three deionization compartments. The 
thickness of each deionization compartment cell and each 
electrode compartment was made to be 2.5 mm, the thickness 
of each concentration compartment 1.5 mm, and the size of 
5 the electrodes 240 mm long x 50 mm wide. As the ion 

exchange membranes, ones as for Working Example 1 were used. 
In each deionization compartment , one anion exchange 
nonwoven fabric manufactured as in Manufacturing Example 2 
was disposed on the surface of the anion exchange membrane, 

10 and one cation exchange nonwoven fabric manufactured as in 
Manufacturing Example 1 was disposed on the surface of the 
cation exchange membrane, and two of an anion-conducting 
spacer manufactured as in Manufacturing Example 4 were 
packed in between the nonwoven fabrics . In each 

15 concentration compartment, one anion-conducting spacer 

manufactured as in Manufacturing Example 4 was packed in on 
the surface of the anion exchange membrane, and one cation- 
conducting spacer manufactured as in Manufacturing Example 
3 was packed in on the surface of the cation exchange 

2 0 membrane. Moreover, in the anode compartment, four of a 
cation-conducting spacer manufactured as in Manufacturing 
Example 3 were disposed, and in the cathode compartment, 
four of an anion-conducting spacer manufactured as in 
Manufacturing Example 4 were disposed. 

2 5 A direct current of 0.13 A was applied between the 

electrodes, 0.2 MQcm RO treated water (reverse osmosis 
membrane- treated water: silica concentration 0.1 to 0.3 ppm, 
temperature 14 to 26°C, TOC concentration 120 ppb) was 
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passed in series into the deionization compartments Dl, D2 
and D3 at a flow rate of 5 Lh" 1 (SV = 55.6 IT 1 ) , and 
regarding the concentration compartments and the electrode 
compartments, 0.2 MQcm RO treated water was passed at 
5 2.5 Lh" 1 in series from the electrode compartment on the 

cathode side (K2) through the concentration compartments C2 
and CI and into the electrode compartment on the anode side 
(Kl). As a result, after 100 hours, 17.9 MQcm water was 
obtained as deionized water, and after 1000 hours' 

10 operation, 17.6 MQcm water was obtained. Moreover, the TOC 
concentration of the treated water was 10 ppb after 200 
hours, and reached an approximate equilibrium value at 
9.2 ppb. After 1000 hours' operation, the pressure loss 
for the deionization compartments was 0.5 kgf/cm 2 for the 

15 three compartments. 

A similar experiment was carried out with the same 
apparatus but with the flow rate into the deionization 
compartments increased to 20 Lh" 1 (SV = 222 h" 1 ) and the 
flow rate into the concentration compartments increased to 

2 0 10 Lh" 1 , whereupon the water quality did increase as the 

operating time passed, but after 1000 hours' operation only 
a water quality of 1.3 MQcm was obtained. After 1000 
hours' operation, the pressure loss for the deionization 
compartments was 2.3 kgf/cm 2 for the three compartments. 

2 5 Comparative Example 2 

A water-passing test was carried out with a 
conventional electrical deionization apparatus having ion 
exchange resin beads packed into the deionization 
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compartments and concentration compartments. As shown in 
FIG. 9, an electrical deionization apparatus of a hitherto 
publicly known type having nine deionization compartments 
was assembled. The thickness of each deionization 
5 compartment cell was made to be 3 mm, the thickness of each 
concentration compartment and electrode compartment 3 mm, 
and the size of the electrodes 220 mm long x 35 mm wide. 
As the ion exchange membranes, ones as for Working Example 
1 were used, and in each deionization compartment, each 

10 concentration compartment and each electrode compartment, 
cation exchange resin beads (Dowex Monosphere 650C made by 
Dow Chemical Company) and an anion exchange resin beads 
(Dowex Monosphere 5 5 OA made by Dow Chemical Company) were 
packed in mixed together. A direct current of 0 . 1 A was 

15 applied between the electrodes, 0.2 MQcm RO treated water 
(reverse osmosis membrane -treated water: silica 
concentration 0.1 to 0.3 ppm, temperature 14 to 26°C, TOC 
concentration 120 ppb) was passed into the deionization 
compartments as shown in FIG. 9 at a flow rate of 12 Lh" 1 

2 0 (SV = 57.7 h" 1 ) , and regarding the concentration 

compartments and the electrode compartments, 0.2 MQcm RO 
treated water was passed at 6 LIT 1 from the electrode 
compartment on the cathode side (K2) through the 
concentration compartments as shown in FIG. 9 and into the 

2 5 electrode compartment on the anode side (Kl). As a result, 
after 1000 hours' operation, a water quality of 4.3 MQcm 
was obtained, and the TOC concentration of the treated 
water was 20 ppb after 1000 hours. After 1000 hours' 



operation, the pressure loss for the deionization 
compartments was 0.8 kgf/cm 2 . 

A similar experiment was carried out with the same 
apparatus but with the flow rate into the deionization 
5 compartments increased to 36 Lh" 1 (SV = 173 IT 1 ) and the 

flow rate into the concentration compartments increased to 
18 Lh" 1 , whereupon the water quality did increase as the 
operating time passed, but after 1000 hours' operation only 
a water quality of 0.5 MQcm was obtained. The TOC 

10 concentration of the treated water after 1000 hours was 
15 ppb, and the pressure loss for the deionization 
compartments was 2.5 kgf/cm 2 . 

As is clear from Working Example 1 and Comparative 
Examples 1 and 2 described above, according to the 

15 electrical deionization apparatus of the present invention, 
a good treated water quality could be obtained at a much 
higher raw water flow rate than with the conventional 
electrical deionization apparatuses. Moreover, the 
apparatus was made small, and hence the pressure loss for 

2 0 the deionization compartments was also not a problem. 
Working Example 2 

An electrical deionization apparatus having the 
constitution shown in FIG. 10 was assembled. Cation 
exchange membranes C (made by Tokuyama Corporation: 

2 5 Neosepta CMB) and anion exchange membranes A (made by 

Tokuyama Corporation: Neosepta AHA) were arranged between a 
cathode and an anode as shown in FIG. 10, thus forming an 
electrical deionization apparatus having an anode 
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compartment, a concentration compartment, a deionization 
compartment, a concentration compartment, and a cathode 
compartment arranged therein in this order from the anode 
side. The thickness of the deionization compartment and 
the concentration compartments was made to be 20 mm, the 
size of the electrodes 50 mm long x 50 mm wide, and the 
thickness of the electrode compartments 3 mm. In the 
deionization compartment and the concentration compartments, 
twenty- five of each of a cation exchange nonwoven fabric 
manufactured as in Manufacturing Example 1 and regenerated 
with hydrochloric acid, and an anion exchange nonwoven 
fabric manufactured as in Manufacturing Example 2 and 
regenerated with an alkali were packed on one another 
alternately in a direction intersecting the direction of 
flow of water to be treated (i.e. crossways) as shown in 
FIG. 10. Moreover, in the anode compartment, four of a 
cation-conducting spacer manufactured as in Manufacturing 
Example 3 were disposed parallel to the cation exchange 
membrane, and in the cathode compartment, four of an anion- 
conducting spacer manufactured as in Manufacturing Example 
4 were disposed parallel to the anion exchange membrane. 

A direct current of 0.4 A was applied between the 
electrodes, 0.2 MQcm RO treated water (reverse osmosis 
membrane- treated water: silica concentration 0.1 to 0.3 ppm, 
temperature 14 to 26°C, TOC concentration 120 ppb, 
carbonate concentration 6.5 ppm, calcium concentration 
208 ppb) was passed into the deionization compartment at a 
flow rate of 20 Lh" 1 (SV = 400 hT 1 ) , 0.2 MQcm RO treated 



water was passed into each concentration compartment at 
12 Lh" 1 , and 0.2 MQcm RO treated water was passed into each 
electrode compartment at 8 Lh"" 1 . As a result, after 1 
minute's operation, 18.2 MQcm water was obtained from the 
5 deionization compartment as deionized water. The operating 
voltage after 30 hours was 40.75 V. Moreover, the voltages 
across the two ends of the concentration compartment on the 
cathode side and the anode compartment at this time were 
4.87 V and 2.71 V respectively. Continuous operation was 

10 then carried out for 2000 hours, and the changes over time 
in the operating voltage and the voltage across the two 
ends of each of the concentration compartments and the 
deionization compartment were measured. The results are 
shown in FIG. 12. The operating voltage and the voltage 

15 across the two ends of each of the concentration 

compartments increased gradually initially after commencing 
operation, but after approximately 200 hours the voltage 
across the two ends of each of the concentration 
compartments became approximately constant, and moreover 

2 0 the rate of increase of the operating voltage became very 
low after approximately 500 hours. After 2000 hours, the 
operating voltage was 130 V, and the voltage across the two 
ends of the concentration compartment on the cathode side 
was 8.0 V. After operation, the apparatus was disassembled 

2 5 and the ion exchange nonwoven fabrics in the concentration 
compartments were inspected, but deposition of scale was 
not observed in particular. 

Note that with the deionization apparatus of the 
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constitution shown in FIG. 10, the voltage across the two 
ends of each of the concentration compartments was measured 
by installing platinum electrode wires (diameter 0.4 mm) on 
the cation exchange membrane side in the anode compartment , 
5 on the anion exchange membrane side in the concentration 
compartment on the anode side, on the cation exchange 
membrane side in the concentration compartment on the 
cathode side, and on the anion exchange membrane side in 
the cathode compartment, and measuring the potential 

10 differences between the electrodes. 
Comparative Example 3 

An electrical deionization apparatus having the 
constitution shown in FIG. 11 was assembled. Cation 
exchange membranes C (made by Tokuyama Corporation: 

15 Neosepta CMB) and anion exchange membranes A (made by 

Tokuyama Corporation: Neosepta AHA) were arranged between a 
cathode and an anode as shown in FIG. 11, thus forming an 
electrical deionization apparatus having an anode 
compartment, a concentration compartment, a deionization 

2 0 compartment, a concentration compartment, and a cathode 

compartment arranged therein in this order from the anode 
side. The thickness of the deionization compartment was 
made to be 20 mm, the size of the electrodes 50 mm long x 
50 mm wide, and the thickness of the concentration 

2 5 compartments and electrode compartments 3 mm. In the 

deionization compartment, twenty-five of each of a cation 
exchange nonwoven fabric manufactured as in Manufacturing 
Example 1 and regenerated with hydrochloric acid, and an 
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anion exchange nonwoven fabric manufactured as in 
Manufacturing Example 2 and regenerated with an alkali were 
packed on one another alternately in a direction 
intersecting the direction of flow of water to be treated 
5 (i.e. crossways) as shown in FIG. 11. In each of the 
concentration compartments, one of an anion-conducting 
spacer manufactured as in Manufacturing Example 4 was 
disposed parallel to the anion exchange membrane on the 
anion exchange membrane, and one of a cation-conducting 

10 spacer manufactured as in Manufacturing Example 3 was 

disposed parallel to the cation exchange membrane on the 
surface of the cation exchange membrane. Moreover, in the 
anode compartment, four of a cation-conducting spacer 
manufactured as in Manufacturing Example 3 were disposed 

15 parallel to the cation exchange membrane, and in the 

cathode compartment, four of an anion-conducting spacer 
manufactured as in Manufacturing Example 4 were disposed 
parallel to the anion exchange membrane. 

A direct current of 0.4 A was applied between the 

2 0 electrodes, 0.2 MQcm RO treated water (reverse osmosis 

membrane -treated water: silica concentration 0.1 to 0.3 ppm, 
temperature 14 to 26°C, TOC concentration 120 ppb, 
carbonate concentration 6.5 ppm, calcium concentration 
208 ppb) was passed into the deionization compartment at a 

25 flow rate of 20 LIT 1 (SV = 400 IT 1 ) , 0.2 MQcm RO treated 
water was passed into each concentration compartment at 
12 LIT 1 , and 0.2 MQcm RO treated water was passed into each 
electrode compartment at 8 Lh" 1 . As a result, after 1 
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minute's operation, 18.2 Mficm water was obtained from the 
deionization compartment as deionized water. The operating 
voltage after 30 hours was 81.2 V. Moreover, the voltages 
across the two ends of the concentration compartment on the 
5 cathode side and the concentration compartment on the anode 
side at this time were 11.9 V and 13.1 V respectively. 
Continuous operation was then carried out for 2000 hours, 
and the changes over time in the operating voltage and the 
voltage across the two ends of each of the concentration 

10 compartments and the deionization compartment were measured. 
The results are shown in FIG. 13. Comparing with the 
results for Working Example 2 shown in FIG. 12, the degree 
of increase in the operating voltage and the voltage across 
the two ends of each of the concentration compartments is 

15 very large, and these voltages further increase even after 
1000 hours' operation. After 2000 hours, the operating 
voltage was 293.9 V, the voltage across the two ends of the 
concentration compartment on the cathode side was 44.0 V, 
and the voltage across the two ends of the concentration 

20 compartment on the anode side was 82.7 V. 

After 2000 hours' operation, the apparatus was 
disassembled and the ion-conducting spacers in the 
concentration compartments were inspected, whereupon it was 
found that calcium carbonate scale was deposited severely 

2 5 over the whole of the spacers. It is thought that calcium 
carbonate crystals were first deposited at the part of 
contact between the anion-conducting spacer and the cation- 
conducting spacer, and then with these as nuclei, crystals 



were deposited over the whole of the spacers. 

Comparing Working Example 2 and Comparative Example 3 , 
it can be seen that the stability of the operating voltage 
was better for Working Example 2 in which even in the 
5 concentration compartments, anion exchange nonwoven fabrics 
and cation exchange nonwoven fabrics were packed on one 
another crossways in a direction intersecting the direction 
of flow. In accordance with the inspection after 
disassembling the apparatus after operation for a long time, 

10 it is thought that this stability of the operating voltage 
is due mainly to deposition of calcium carbonate scale not 
readily occurring in the concentration compartments. 
Working Example 3 

An electrical deionization apparatus having the 

15 constitution shown in FIG. 14 was assembled. Cation 
exchange membranes C (made by Tokuyama Corporation: 
Neosepta CMB) and anion exchange membranes A (made by 
Tokuyama Corporation: Neosepta AHA) were arranged between a 
cathode and an anode as shown in FIG. 14, thus forming an 

2 0 electrical deionization apparatus having an anode 

compartment , a concentration compartment, a deionization 
compartment, a concentration compartment, and a cathode 
compartment arranged therein in this order from the anode 
side. The thickness of the deionization compartment and 

2 5 the concentration compartments was made to be 20 mm, the 
size of the electrodes 50 mm long x 50 mm wide, and the 
thickness of the electrode compartments 5 mm. In the 
deionization compartment and the concentration compartments, 
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twenty-five of each of a cation exchange nonwoven fabric 
manufactured as in Manufacturing Example 1 and regenerated 
with hydrochloric acid, and an anion exchange nonwoven 
fabric manufactured as in Manufacturing Example 2 and 
5 regenerated with an alkali were packed on one another 

alternately in a direction intersecting the direction of 
flow of water to be treated (i.e. crossways) as shown in 
FIG. 14. In the anode compartment, fifty of a cation 
exchange nonwoven fabric manufactured as in Manufacturing 

10 Example 1 were packed on one another in a direction 

intersecting the water-passing direction (i.e. crossways) 
as shown in FIG. 14. In the cathode compartment, fifty of 
an anion exchange nonwoven fabric manufactured as in 
Manufacturing Example 2 were packed on one another in a 

15 direction intersecting the water-passing direction (i.e. 
crossways) as shown in FIG. 14. 

A direct current of 0 . 4 A was applied between the 
electrodes, 0.2 MQcm RO treated water (reverse osmosis 
membrane -treated water: silica concentration 0.1 to 0.3 ppm, 

2 0 temperature 14 to 26°C, TOC concentration 120 ppb, 

carbonate concentration 6.5 ppm, calcium concentration 
208 ppb) was passed into the deionization compartment at a 
flow rate of 20 Lh" 1 (SV - 400 h" 1 ) , 0.2 MQcm RO treated 
water was passed into each concentration compartment at 

2 5 12 Lh" 1 , and 0.2 MQcm RO treated water was passed into each 
electrode compartment at 8 Lh" 1 . As a result, after 1 
minute's operation, 18.2 MQcm water was obtained from the 
deionization compartment as deionized water. The operating 
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voltage after 30 hours was 36.6 V. Moreover, the voltages 
across the two ends of the cathode compartment and the 
anode compartment at this time were 5,25 V and 2,71 V 
respectively. Continuous operation was then carried out 
5 for 2000 hours, and the changes over time in the operating 
voltage and the voltage across the two ends of each of the 
electrode compartments were measured. The results are 
shown in FIG. 16. The voltage across the two ends of each 
of the electrode compartments exhibited a stable low value 

10 from the commencement of operation, and after 2000 hours' 
operation, the operating voltage was 76.6 V, and the 
voltages across the two ends of the cathode compartment and 
the anode compartment were 5.33 V and 1.6 5 V respectively. 
On the other hand, the changes over time in the voltage 

15 across the two ends of each of the electrode compartments 
as measured during the operation of the electrical 
deionization apparatus of Working Example 2 are shown in 
FIG. 17. 

Comparing with the results for Working Example 2 
2 0 shown in FIG. 17, it can be seen that for Working Example 3 
in which anion exchange nonwoven fabrics were disposed on 
one another cros sways in the cathode compartment, the 
increase in the voltage across the two ends of the cathode 
compartment was greatly suppressed. 
2 5 Working Example 4 

An electrical deionization apparatus having the 
constitution shown in FIG. 15 was assembled. Cation 
exchange membranes C (made by Tokuyama Corporation: 
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Neosepta CMB) and an anion exchange membrane A (made by 
Tokuyama Corporation: Neosepta AHA) were arranged between a 
cathode and an anode as shown in FIG. 15, thus forming an 
electrical deionization apparatus having an anode 
5 compartment, a concentration compartment, a deionization 
compartment, and a concentration compartment ( -cum-cathode 
compartment) arranged therein in this order from the anode 
side. The thickness of the deionization compartment, and 
the concentration compartment and the concentration 

10 compartment -cum- cathode compartment was made to be 20 mm, 

the size of the electrodes 50 mm long x 50 mm wide, and the 
thickness of the anode compartment 5 mm. In the 
deionization compartment, and the concentration compartment 
and the concentration compartment -cum- cathode compartment, 

15 twenty-five of each of a cation exchange nonwoven fabric 

manufactured as in Manufacturing Example 1 and regenerated 
with hydrochloric acid, and an anion exchange nonwoven 
fabric manufactured as in Manufacturing Example 2 and 
regenerated with an alkali were packed on one another 

2 0 alternately in a direction intersecting the direction of 
flow of water to be treated (i.e. crossways) as shown in 
FIG. 15. In the anode compartment, fifty of a cation 
exchange nonwoven fabric manufactured as in Manufacturing 
Example 1 were packed on one another in a direction 

2 5 intersecting the water-passing direction (i.e. crossways) 
as shown in FIG. 15. 

A direct current of 0 . 4 A was applied between the 
electrodes, 0.2 MQcm RO treated water (reverse osmosis 



membrane -treated water: silica concentration 0.1 to 0.3 ppm, 
temperature 14 to 26°C / TOC concentration 120 ppb, 
carbonate concentration 6.5 ppm, calcium concentration 
208 ppb) was passed into the deionization compartment at a 
5 flow rate of 20 Lh" 1 (SV = 400 IT 1 ), 0.2 MQcm RO treated 
water was passed into the concentration compartment at 12 
Lh" 1 , and 0.2 MQcm RO treated water was passed into each of 
the anode compartment and the concentration compartment - 
cum- cathode compartment at 8 Lh" 1 . As a result, after 1 

10 minute's operation, 18.2 MQcm water was obtained from the 
deionization compartment as deionized water. The operating 
voltage after 30 hours was 33.4 V. Moreover, the voltages 
across the two ends of the concentration compartment- cum - 
cathode compartment and the anode compartment at this time 

15 were 6.71 V and 1.71 V respectively. Continuous operation 
was then carried out for 2000 hours, and the changes over 
time in the operating voltage and the voltage across the 
two ends of each of the anode compartment and the 
concentration compartment -cum- cathode compartment were 

2 0 measured. The results are shown in FIG. 18. The voltage 
across the two ends of each of the anode compartment and 
the concentration compartment -cum- cathode compartment 
exhibited a stable low value from the commencement of 
operation, and after 2000 hours' operation, the operating 

2 5 voltage was 73.9 V, and the voltages across the two ends of 
the concentration compartment -cum- cathode compartment and 
the anode compartment were 9.84 V and 1.78 V respectively. 
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INDUSTRIAL APPLICABILITY 
According to the present invention, a novel 
deionization compartment structure is adopted in which, in 
each of the deionization compartments, ion exchange fibrous 
materials are packed on one another crossways in direction 
intersecting the water-passing direction. Compared with a 
conventional electrical deionization apparatus, pure water 
of high purity (high resistivity and low TOC) can be 
obtained stably using a smaller apparatus. Moreover, 
because the apparatus can be made small, the problem of 
pressure loss which occurs when only fibrous materials are 
packed into a deionization compartment is not very great. 
Furthermore, by adopting a similar structure to for the 
deionization compartments in the concentration compartments 
and also the electrode compartments as well, the problem of 
an increase in the operating voltage due to deposition of 
calcium carbonate can be suppressed. 
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